Introduction
Spatial neglect is a common disorder occurring after a right-hemisphere stroke, leading to functional disability [1, 2] . Neglect patients typically fail to orient and execute movements toward left-sided stimuli. Among various rehabilitation techniques, prism adaptation may be particularly promising [3] . This procedure consists of training pointing movements toward visual targets while patients wear prism goggles that displace viewed objects rightward. Initially, patients err to the right of the target, in the direction of the visual shift. This initial error is gradually reduced during the exposure phase. Once prisms are removed, patients err leftward, in the direction opposite the visual displacement (aftereffect), and toward the 'neglected' hemispace. Although studies have shown that prism adaptation can improve a range of neglect symptoms, not all symptoms improve nor do all neglect patients improve [2] . Critically, the mechanisms through which prism adaptation affects spatial neglect remain unclear. Knowing more about brain systems' response to prism adaptation may help our understanding of which symptoms, or which patients, improve optimally after prism adaptation training.
Recent research suggests that the ameliorative effect of prism adaptation may be at least partly due to an influence on motor-intentional 'aiming' errors (i.e. planning and executing actions toward the contralesional hemispace), rather than on perceptual-attentional 'where' errors [4, 5] . In a recent study of healthy participants, we investigated whether prism adaptation differentially affects perceptualattentional and motor-intentional spatial performance components [4] . Participants performed a computerized line bisection task either under Natural (right-left congruent with reality) or under Reversed viewing conditions, in which the visual feedback was horizontally left-right reversed with respect to actual movements in the workspace where participants bisected lines. This paradigm, modified from that of Na et al. [6] , allows for the separation of perceptual-attentional and motor-intentional contributions to visually guided spatial performance, as the procedure dissociates the direction of visually viewed hand movements from the direction of actual hand movements in the workspace. In that study, we observed that prism adaptation selectively improved a motor-intentional 'aiming' spatial error component of the line bisection task [4] .
In this study, using the same paradigm, we investigated whether prism adaptation differentially affects dysfunction in perceptual-attentional 'where' bias versus motor-intentional 'aiming' bias in neglect patients. If adaptation primarily affects the motor-intentional 'aiming' bias, as we observed in healthy individuals, then we would expect a significant reduction in the 'aiming' component of the line bisection error after prism adaptation, whereas perceptualattentional 'where' errors would remain unchanged.
Participants and methods

Participants
Five consecutive neglect patients with right-hemisphere strokes were enrolled from an inpatient rehabilitation hospital after obtaining written consent. See Table 1 for patient characteristics. Participants were right-handed, with normal or corrected-to-normal vision and with no history of other neurological or psychiatric disorders. All participants showed neglect symptoms either on the Behavioural Inattention Test [7] or on the Catherine Bergego Scale [8] . The presence of deficits in vision, somatosensation, and audition was evaluated by a doublestimuli confrontation test [9] . All participants had ischemic (n = 4) or hemorrhagic (n = 1) stroke, confirmed by computed tomography (n = 3) or MRI (n = 2). We visualized lesion locations using MRIcro software (Nottingham, UK) [10] , drawing manually on an MRI template and using the closest matching transverse slice for each patient. Figure 1 shows the regions of interest (ROIs) for each patient. The areas of greatest lesion overlap were in the frontal-parietal and in the frontalsubcortical regions.
Procedure
Assessment of spatial 'where' versus 'aiming' bias
We assessed participants' 'where' and 'aiming' biases and prism adaptation aftereffects before and after the 2 consecutive days of prism adaptation. Participants marked the center of 16 horizontal lines (240 mm length, 3 mm thick), each printed alone on a 278 Â 216 mm sheet and presented centrally on a table in front of the participants. Similar to the paradigm of Na et al. [6] , participants' ability to view the line and their arm's movement directly was prevented by a black cloth. A camera (Sanyo, VCC-5884, San Diego, California, USA) positioned 37 cm above the table transferred the image of the line onto a video screen centered 80 cm in front of the participant. Therefore, to bisect lines, participants monitored their hands and the line indirectly through the video screen. Participants first bisected eight lines in the Natural condition, in which visual information displayed on the video screen was congruent with actual arm movements: rightward movements appeared rightward and leftward movements appeared leftward. Participants then bisected eight lines in the Reversed condition, in which a video mixer right-left reversed video feedback such that rightward movements appeared leftward on the video screen, and vice versa. In both conditions, we recorded deviation from the objective midpoint of the line in millimeters, with positive values denoting rightward errors and negative values denoting leftward errors.
We derived participants' 'where' and 'aiming' biases by separating Natural and Reversed errors using equations (1) and (2) Both perceptual-attentional 'where' and motor-intentional 'aiming' biases contribute to line bisection errors in the Natural and Reversed viewing conditions. However, in the Natural condition these biases are aligned and oriented in the same direction and thus may contribute additively to performance (equation 1). In the Reversed condition, however, the 'where' bias acts in the direction opposite the 'aiming' bias, as the visual feedback is 1801 reversed (equation 2). Algebraically solving these two equations allows quantification of both 'where' and 'aiming' bias components for each participant. Previous study supported the validity of 'where' and 'aiming' spatial error fractionation in stroke survivors and controls (see review and data, reference [11] ).
Prism adaptation
During prism exposure, participants wore wedge prisms (Bernell Deluxe Prism Training Glasses, 20-diopter, Mishawaka, Indiana, USA), displacing the visual field horizontally rightward by 12.41. They performed 60 pointing movements to a visual target located at 01 or 211 to the right or left distal side of a board aligned with the participant's midsagittal plane. The three target positions (center, right, and left) were presented in a pseudorandom order. During target pointing, a shelf blocked the view of most of the arm's path, allowing participants to see only the distal part of the movement, that is, the finger emerging to point to the target. The distal side of the board was marked with a ruler visible only from the experimenter's side, and pointing error was recorded (in degrees).
We assessed prism adaptation aftereffects with two tests. The visual-proprioceptive test consisted of six pointing movements to a visual target presented two times in each of the three positions (01, 211 right; 211 left) in a pseudorandom order. Although the target was in view, participants could not see their pointing movement, hidden under an occluding shelf. For the proprioceptive test, blindfolded participants pointed 10 times to the position they felt was straight ahead of their body's center. A transparent panel marked with a ruler and aligned with the participants' body center allowed the experimenter to measure the distance (in degrees) between indicated and actual target/body center position to determine error in the two tasks, respectively. Rightward errors were recorded as positive and leftward errors were recorded as negative.
Results
Given the small sample size, we used nonparametric statistical analyses to account for anticipated non-normal data distribution.
Error reduction
The presence of error reduction during prism exposure was assessed by comparing pointing errors in the initial 
Aftereffects
Participants experienced a significant leftward shift in visual-proprioceptive error after 2 days of prism adaptation (before prism adaptation: mean = -0.801, SD = 1.57; after prism adaptation: mean = -7.271, SD = 1.47; z = 2.02, P = 0.043). Although not significant, the group also experienced a leftward proprioceptive error shift after 2 days of prism adaptation (before prism adaptation: mean = 5.071; SD = 3.30; after prism adaptation: mean = -0.601; SD = 6.76; z = 1.75, P = 0.080). Exploration of individual scores revealed that four of the five participants experienced a leftward shift in proprioceptive error postprism adaptation.
'Where' versus 'aiming' bias Errors in the Natural and Reversed line bisection conditions are shown in Table 2 , and fractionated 'where' and 'aiming' biases are depicted in Fig. 2 . Critically, the motor-intentional 'aiming' bias improved after prism adaptation in all participants. The initial rightward 'aiming' spatial error (mean = 19.37; SD = 10.27) was reduced after 2 days of prism adaptation (mean = 2.30; SD = 14.03; z = 2.02, P = 0.043). In contrast, no change was detected in preprism adaptation (mean = 0.53, SD = 14.63) versus postprism adaptation (mean = 9.58, SD = 17.11) perceptual-attentional 'where' spatial bias (z = 0.40, P = 0.69).
Discussion
The goal of this study was to determine whether prism adaptation selectively reduces motor-intentional 'aiming' and/or perceptual-attentional 'where' spatial bias in neglect patients. In all patients, motor-intentional 'aiming' spatial bias improved after 2 days of prism adaptation. By contrast, perceptual-attentional 'where' spatial bias demonstrated no consistent change after prism adaptation training. These results mirror recent findings from a study in our laboratory of 84 healthy individuals, in whom we observed selective effects of prism adaptation on 'aiming', but not 'where' spatial bias [4] . Similarly, other studies have reported that after prism adaptation neglect patients improved on a standard line bisection task, which has both visual and motor components, but not on the landmark version of this task, which lacks a spatial motor response [5] .
Our results demonstrate an important role for the motorintentional 'aiming' spatial systems in response to prism adaptation. These results may help to explain the beneficial effect of prism adaptation in neglect patients on motor activation tasks, such as manual tasks under visual guidance (e.g. cancellation or drawing [1] ), oculomotor scanning [12] , postural imbalance [13] , and wheelchair navigation [14] ). Our results may also account for previous results in studies recording eye movements in perceptual tasks (e.g. detection of chimeric faces [15, 16] and size estimation [17] ) revealing a selective effect of prism adaptation on the oculomotor bias, without effect on perceptual-attentional errors.
Our findings are further consistent with a recent proposal that prism adaptation may primarily influence the visuomotor circuits of the dorsal visual stream, mediating motor-related processes [18] . As the dorsal visual pathway is also critically involved in processes related to Male  12  2  +  e  e  109  24  H, P-T  P2  52  Female  13  5  e  e  e  31  26  I, F-P-T  P3  78  Female  12  2  +  +  +  57  28  I, F-P-Bg  P4  68  Male  12  2  +  e  e  14  27  I, F-P-T-O  P5  51  Male  12  5  -+  -128  25 I, F-P-Bg
The BIT, range = 0-146, is rated from 0 (maximum deficit) to 146 (no impairment); cut-off = 129. The CBS, range = 0-30; each of the 10 items is rated from 0 (no deficit) to 3 (severe neglect impairment); the cumulative score is rated as 'mild' (score = 0-10), 'moderate' (score = [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and 'severe', (score = 21-30) neglect. For auditory sensation + , auditory loss at the left ear; for tactile perception + , hemianestesia at the left hand; for visual field + , left homonymous hemianopia. + / -, presence or absence of deficits; e, presence of extinction at double stimuli; BIT, Behavioural Inattention Test; Bg, Basal ganglia; CBS, Catherine Bergego Scale; F, frontal; I/H, ischemic/hemorrhagic lesion; O, occipital; P, parietal; T, temporal. attentional control, this interpretation may explain the beneficial effects of prism adaptation on covert visual attentional tasks that do not require eye movements [19] [20] [21] .
This study does not provide evidence that prism adaptation influences perceptual-attentional 'where' spatial errors. However, we do not exclude this possibility, as improvement on perceptual tasks after prism adaptation has been reported in neglect patients [22] [23] [24] [25] . Indeed, it has been suggested that prism adaptation could influence perceptual processes indirectly, through connections between the ventral and dorsal visual streams located in the inferior parietal cortex [18] . Finally, it should be noted that, on average, this group of neglect patients showed a stronger 'aiming' than 'where' spatial bias before the prism adaptation training (Fig. 2) . It is possible that prism adaptation may also reduce 'where' spatial bias in patients in whom this bias is more strongly present than in these patients, although results in healthy participants do not support a directionally specific effect of prism adaptation on 'where' spatial bias [4] .
Our group of patients had common areas of injury in frontal, parietal, and subcortical brain regions. Further research is needed to systematically test the effects of prism adaptation on 'aiming' and 'where' systems in large groups of patients with diverse brain lesions.
Conclusion
Our results, together with previous findings [4, 5] , suggest that prism adaptation training may act primarily on 'aiming' spatial bias. This translates to the clinical possibility that neglect patients primarily disabled as a result of 'aiming' spatial errors may benefit most from prism adaptation training, whereas those with primarily 'where' spatial errors may improve less. Further research is needed to confirm this hypothesis in a large and diverse group of neglect patients. . Results refer to the group of five participants and the average of the group; before (gray column) and after (black column) 2 days of prism adaptation training.
